Abstract miRNAs are endogenous small non-coding RNAs of 20-22 nucleotides that repress gene expression at the posttranscriptional level. There is growing interest in the role of miRNAs in cancer chemoprevention, and several naturally occurring chemopreventive agents have been found to be modulators of miRNA expression both in vitro and in vivo. Moreover, these chemopreventive phytochemicals commonly possess anti-oxidative and/or anti-inflammatory properties, and Nrf2 has been extensively studied as a molecular target in cancer prevention. The crosstalk between miRNAs and the traditional cellular signaling pathways of chemoprevention remain to be fully elucidated. This review summarizes the data regarding the potential interactions between miRNAs and anti-oxidative and anti-inflammatory pathways. Cellular redox homeostasis can affect the biogenesis and processing of miRNAs, which in turn regulate the Nrf2 pathway of detoxifying/anti-oxidative genes. We also discuss the miRNA regulatory mechanisms in relation to inflammation-related cancer signaling pathways.
Introduction
Cancer chemoprevention involves the use of chemical agents that naturally occur in food or are administered as pharmaceuticals to inhibit or reverse the carcinogenic process.
Increasing evidence indicates that epigenetic modifications can initiate cancer. Unlike genetic mutations, epigenetic changes are modifications of gene expression that occur in the absence of alterations in DNA sequences. Thus, epigenetic changes have been identified as new targets for chemopreventive strategies because they are considered to be reversible via certain chemicals. In addition to DNA methylation and histone modifications, gene expression is regulated by microRNAs (miRNAs) in what is considered to be a "finetuning" mechanism of epigenetic modulation. MiRNAs are endogenous small non-coding RNAs of 20-22 nucleotides that repress gene expression through the degradation of mRNA or the inhibition of protein translation [1, 2] . Diverse miRNAs have been identified to control cell growth, the cell cycle, cell differentiation, tumor suppression, and apoptosis [3] [4] [5] . Genome-wide profiling has shown that the miRNA expression patterns of healthy and pathological tissues vary, as do those of different types of cancer. Therefore, increasing efforts have focused on analyzing these miRNA expression pattern alterations to identify novel cancer biomarkers and therapeutic targets. Interestingly, as shown in Table 1 , dietary chemopreventive agents from widely different sources have also been evaluated as modulators of miRNA expression in a variety of cancers [6••] .
Moreover, a number of naturally occurring chemopreventive compounds possess anti-oxidative and anti-inflammatory properties that are associated with their protective effects against tumorigenesis. Oxidative stress can be a consequence of the increased generation of reactive oxygen/nitrogen species (ROS/RNS) and/or decreased functioning of the antioxidative stress defense systems of the body [7] . In immune cells, endogenous ROS/RNS are generated to eliminate invading pathogens [8, 9] . In the context of oxidative stress, the secretion of a large amount of ROS/RNS recruits more activated inflammatory immune cells. When the crosstalk between inflammation and oxidative stress becomes chronic, excessive cellular ROS/RNS is produced [10] [11] [12] . This exacerbating loop can result in the oxidation of intracellular proteins, lipids, and nucleic acids, leading to aberrant genetic changes and/or epigenetic alterations such as the dysregulation of oncogene and tumor-suppressor gene expression [13, 14, 12] .
Phase II detoxifying/antioxidant enzymes, such as glutathione S-transferase (GST), UDP-glucuronosyltransferase (UGT), heme oxygenase-1 (HO-1), NADP(H):quinone oxidoreductase (NQO), glutamate cysteine ligase (GCL), and gamma glutamylcysteine synthetase (γGCS), among others, produce a cytoprotective environment by reducing the toxicity of reactive intermediates, which augments cellular defense against stress and maintains intracellular redox homeostasis [10] [11] [12] [13] [14] [15] . The genes that encode detoxifying/antioxidant enzymes typically share a consensus cis-element in their promoter regions that is known as the antioxidant response element (ARE) or electrophile response element (EpRE). The transcriptional activation of ARE-mediated genes is primarily regulated by nuclear factor erythroid-2 related factor-2 (Nrf2 or NFE2L2), a helix-loop-helix basic leucine zipper transcription factor. Extensive research both in vitro and in vivo has demonstrated the important role of Nrf2 as a molecular target for naturally derived chemopreventive agents.
How miRNAs interact with anti-oxidative and antiinflammatory pathways in diverse physiological and pathophysiological processes remains to be fully elucidated. Given Vitamin E VE-deficiency rat liver miR-122a↓, miR-125b↓ Reduced concentrations result from VE-deficiency [111] that the Nrf2/ARE and inflammatory pathways have long been the focus of cancer prevention studies, uncovering the relationship between miRNAs and these signaling pathways could reveal an important regulatory mechanism that blocks carcinogenesis.
MiRNAs and Carcinogenesis
The relationship between aberrant miRNA expression and carcinogenesis may be attributed to the fact that greater than 50 % of the genes that encode these miRNAs are located in the cancer-associated regions of fragile sites; these sites exhibit chromosomal instability via events associated with amplification, translocation or deletion [16] . Based on the properties of their target genes, miRNAs can function as either oncogenic miRNAs or tumor-suppressive miRNAs. Because miRNAs are commonly expressed as polycistronic transcripts, the dysregulation of one member of the cluster often coincides with the dysregulation of other members of the cluster. Therefore, miRNome-wide aberrations are more likely to be involved in carcinogenesis than mutations in a single miRNA gene that targets one oncogene or tumor suppressor. A study conducted by Calin et al. was the first to establish the existence of altered levels of the miR-15a/miR-16-1 cluster in B-cell chronic lymphocytic leukemia (CLL) [17] . Both miRNAs are located at chromosomal position 13q14.3, which is a region that is often deleted in CLL and prostate cancer [18, 19] . One of the identified targets of miR-16-1 is B-cell lymphoma 2 (BCL2), which is an anti-apoptotic gene associated with cell survival and carcinogenesis. Therefore, the impaired expression of miR-15a/miR-16-1 is inversely correlated with BCL2 expression in CLL; additional genes affected by this cluster include MCL1, ETS1, and JUN, among others [20] . The tumor-suppressive function of this miRNA cluster was further validated by the finding that the overexpression of the miR-15a/16-1 cluster induces apoptosis in the chronic myeloid leukemia MEG-01 cell line by activating the intrinsic apoptosis pathway and inhibiting tumor growth in a nude mouse engraftment model [20, 21] . In addition to miR-15 and miR-16, other miRNAs with a tumor-suppressive role (anti-oncomirs) are frequently downregulated in cancer cells. For example, p53 suppresses the proto-oncogene c-Myc via the induction of miR-146 [22] , which is commonly downregulated in lung and breast cancer and is deleted in prostate cancer [23] . However, remarkably, some miRNAs can function as either oncogenic or tumor-suppressive factors depending on the cell type and the pattern of gene expression [24] . Most oncomirs downregulate the expression of tumor suppressors and are overexpressed in cancer cells. For example, the consistent up-regulation of oncogenic miR-21 expression has been reported in various cancers, including those of the breast, colon, lung, stomach, and pancreas, as well as squamous cell cancer [25] . Taken together, these data indicate that profiling differential miRNA patterns in a variety of cancer types may provide potential cancer-specific "miRNA signatures" for diagnostic and therapeutic applications.
Although a number of studies have described the alteration of miRNAs in cancer cells in response to various chemopreventive agents [26] , the mechanisms underlying the changes in the expression and the anticancer activities of miRNA induced by these phytochemicals remain to be fully elucidated. Recent investigations into the causes and consequences of miRNA dysfunction indicate that miRNAs are subject to higher levels of control regulating both miRNA biogenesis and function. For example, environmental factors, such as redox homeostasis and inflammatory conditions, play an important role in the modulation of miRNAs.
Redox Homeostasis Regulates miRNA Biogenesis
To date, few reports have indicated that Nrf2 regulates the transcriptional activities of the genes encoding miRNAs through Nrf2/ARE-mediated mechanisms. However, several clues in this rapidly developing field support the hypothesis that miRNA biogenesis can be affected by cellular redox homeostasis, which is maintained by the Nrf2 pathway under a number of physiological conditions. The biogenesis of miRNAs occurs similarly to that of other RNA molecules, which begins with DNA transcription. Immature primary miRNAs (pri-miRNAs) are synthesized via the transcription of the miRNA genes by RNA polymerase II [27] . The primiRNAs are then processed by a nuclear microprocessor complex consisting of RNase III (Drosha) and the co-factor DiGeorge critical region 8 (DGCR8) to form precursor miRNAs (pre-miRNAs) that are approximately 70 nt long [28] . After their production in the nucleus, the pre-miRNAs are transported to the cytoplasm by the nuclear export factor exportin 5 (XPO5) where they are bound by the RNase IIItype endonuclease, Dicer, which can cleave the hairpins of the pre-miRNAs to form double-stranded RNAs [29] . Finally, the mature miRNAs are assembled into a multi-protein effector RNA-induced silencing complex (RISC) with members of the Argonaute protein family (Ago 1-4), which are the essential core components of the RISC [30] . Recently, increasing evidence has shown that the key molecules in each step of miRNA biogenesis are affected by the cellular redox environment. For instance, the binding of ferric heme enhances the activity of DGCR8 [31, 32] , which plays a role in the maturation of all of the canonical miRNAs. Therefore, the Nrf2-regulated antioxidant enzyme HO-1 affects miRNA biogenesis by competing for the heme substrate, thereby decreasing the activity of DGCR8. This finding is supported by the observation that the overexpression of HO-1 inhibits the differentiation of murine myoblasts by downregulating miRNA biogenesis, thus altering gene expression by modulating the global level of functional miRNAs [33] . In addition, the transporter activity of XPO5 can be affected by oxidative stress in a manner similar to that in other nuclear exporters [34] , resulting in another molecular hub in which the cellular redox conditions may affect the miRNA transcriptome. The expression of cytoplasmic Dicer has been shown to be downregulated by aging and hydrogen peroxide-induced oxidative stress in rat cerebral microvascular endothelial cells (CMVECs) [35] . Aging-associated vascular dysfunction in rats is characterized by decreased Nrf2-mediated antioxidant signaling and increased oxidative stress [36] . Additionally, Dicer protein levels have also been found to be downregulated in aged human adipocytes, 3T3-F442 preadipocytes, and JAR trophoblast cells exposed to hydrogen peroxide [37, 38] . These findings further support the hypothesis that miRNA biogenesis is affected by redox dysregulation via Dicer. Interestingly, through the in silico screening of transcription factor binding sites and the comparative database analysis of DNA sequences, an ARE consensus sequence was discovered in the promoter region of human and mouse Dicer genes. The existence of this consensus sequence may partially explain why chemopreventive phytochemicals, such as sulforaphane and resveratrol, restore the expression of Dicer in CMVEC cells [35] . In addition to the key molecules mentioned above, two families of enzymes, the DNA methyltransferase (DNMT) and histone deacetylase (HDAC) families, can regulate the expression of genes encoding miRNAs via epigenetic mechanisms [39] . Both DNMT and HDAC activities are affected by oxidative stress [40• ], providing other routes by which cellular redox signaling may alter miRNA biogenesis. Furthermore, miRNAs themselves can be modified by ROS, resulting in the alteration of their integrity, stability, binding affinity, and function, thereby contributing to perturbed redox signalingassociated disease mechanisms [41] . Because the knockout of the Nrf2 gene significantly impairs cellular redox homeostasis, it is feasible that miRNA processing is altered by cellular Nrf2 levels, thereby resulting in changes of the expression of the miRNAs that modulate antioxidant responses and/or exacerbate oxidative stress.
Role of miRNAs in Regulating the Nrf2 Pathway
One interesting mode of miRNA action is the ability to selfregulate. As mentioned above, miRNAs can participate in the regulation of their own biogenesis by altering redox homeostasis. miRNAs have been observed to be involved in the posttranscriptional regulation of Nrf2 levels. Using an in silico analysis, Narasimhan et al. demonstrated that the ectopic expression of four miRNA mimics, miR-27a, miR-142-5p, miR-144, and miR-153, can affect the nucleo-cytoplasmic level of Nrf2 protein in a Keap1-independent manner [42•] .
This observation together with the decreased abundance of Nrf2 mRNA by these miRNA mimics indicates that Nrf2 is a direct target of these miRNAs. Thus, inefficient activating ability of Nrf2 results in diminished GCLC and GSR expression, leading to a decrease in cellular glutathione (GSH) levels. miR-144 was also found to be highly expressed in reticulocytes from patients with sickle cell disease, which may attenuate the antioxidant defense capacity by altering Nrf2 signaling [43] . In human mammary epithelial cells and the breast cancer MCF-7 cell line, miR-28 affects Nrf2 mRNA stability by facilitating degradation, which may also modulate the rate of tumor cell growth [44] . A systematic analysis of the Nrf2 interactome and regulome by Papp et al. revealed that 85 miRNAs are predicted to bind Nrf2 mRNA to downregulate its translation [45••] . Among these, 63 miRNAs were defined as potential members of negative feedback loops for Nrf2 signaling in which an activating transcription factor could increase the level of expression of miRNAs that downregulate Nrf2. Additionally, positive feedback loops exist whereby an activated transcription factor represses the expression of Nrf2-downregulating miRNAs to enhance Nrf2 translation.
Given that the cellular activity of Nrf2 can be regulated by factors other than miRNAs, such as Kelch-like ECH-associated protein 1 (Keap1), small masculoaponeurotic fibrosarcoma (Maf), BTB and CNC homologue 1 (Bach1), and Parkinson protein 7 (PARK7/DJ-1), the miRNAs that interact with these Nrf2 modulators would also be expected to regulate Nrf2/ARE-mediated signaling in an indirect manner. Keap1 serves as a suppressor of the Nrf2 pathway by binding to Nrf2 and facilitating its ubiquitination and degradation. In the human breast cancer cell line MDA-MB-231, miR-200a can target Keap1 mRNA, leading to its degradation [46] . In the same study, Eades et al. found that the epigenetic silencing of miR-200a may contribute to the dysregulation of Nrf2 activity in breast cancer, whereas restoring miR-200a expression leads to enhanced Nrf2 nuclear translocation and the activation of NAD(P)H-quinone oxidoreductase 1(NQO1) gene transcription, which consequently inhibits the anchorage-independent growth of breast cancer cells. The transcriptional repressor Bach1, which functions in association with small Maf proteins, sequesters ARE-like enhancers within cells and antagonizes Nrf2 binding until it is inactivated by pro-oxidants [47] . Several studies have shown that the miRNAs let-7b, let-7c, miR-98, and miR-196 can downregulate Bach1 expression in human hepatoma Huh-7 cells [48] , thereby increasing Nrf2-mediated HO-1 gene expression and attenuating oxidative stress. Notably, pro-inflammatory miR-155 has also been reported to enhance the induction of HO-1 expression via the inhibition of Bach1 translation [49] , which indicates that miRNA regulation could be a potential factor in the cross-talk between the inflammatory and oxidative stress pathways. However, several phytochemicals, such as quercetin, allylisothiocyanate, and sulforaphane, have been reported to decrease miR-155 levels in lipopolysaccharide-stimulated murine RAW264.7 macrophages; the induction of HO-1 expression was also observed [50, 51] . Because interactions between the inflammatory response and Nrf2 pathways may occur at multiple levels, the precise mechanisms by which miR-155 affects the cellular anti-oxidative system remain to be fully elucidated. In addition to directly targeting Nrf2 mRNA, miR-34a has also been reported to regulate sirtuin1 (Sirt1) [52] , a nicotinamide adenine dinucleotide-dependent class III HDAC that serves as a crucial regulator of metabolism and aging [53] . Following the release of Nrf2 from Keap1, the acetylation of Nrf2 by CREB-binding protein (CBP) has been shown to increase the nuclear localization of Nrf2, thus activating Nrf2-dependent transcription through target gene promoters and enhanced ARE binding, whereas the deacetylation of Nrf2 by Sirt1 disengages Nrf2 from the ARE region of the downstream gene promoter, thereby resulting in Nrf2 transcription and its subsequent nuclear export.
Inflammatory Conditions and miRNAs
In addition to inducing the expression of detoxifying and antioxidant enzymes, the Nrf2 pathway appears to mediate a strong anti-inflammatory response [54•] . This finding is supported by the attenuation of the anti-inflammatory effect of sulforaphane in LPS-treated primary peritoneal macrophages from Nrf2 (−/−) mice [55] . Furthermore, Nrf2-KO mice are more susceptible to dextran sulfate (DSS)-induced colitis and to AOM-DSS-induced colorectal cancer [56, 57] , which are common models for characterizing chronic inflammation and carcinogenesis. Targeting anti-inflammation is another important approach for cancer prevention. In addition to the presence of oxidative stress, the tumor microenvironment contains various infiltrating immune cells due to inflammatory stimuli [58, 59] . Epidemiological studies suggest that chronic inflammation may contribute to the development of 25 % of all cancer cases [60] . Through cross-talk with cancer cells and tumor stromal cells, tumor-associated macrophages play key roles in cancer-related inflammation by secreting a number of growth factors, angiogenic factors, proteinases, chemokines, and cytokines [61] [62] [63] . This inflammatory environment stimulates cell proliferation, cell survival, angiogenesis, cell migration, and tumor metastasis, thereby driving cancer progression.
A variety of miRNAs have been associated with cancerrelated inflammation. Of these, miR-21, miR-125b, miR-155, miR-196, and miR-210 are the most extensively studied [64, 65] . As mentioned in the previous section, miR-21 is overexpressed in nearly all carcinoma and malignancy types [66] , and its expression can also be induced in human peripheral blood mononuclear cells via LPS treatment [67] . Surprisingly, miR-21 is implicated in both positive and negative feedback loops depending on the type of pro-/anti-inflammatory cytokines regulated by miR-21. Similar to miR-21, the level of miR-125b was drastically changed in mouse macrophage RAW264.7 cells challenged with LPS [68] where it functions in preventing excessive pro-inflammatory responses. miR-125b expression is downregulated in metastatic cutaneous malignant melanomas [69] . The abnormal overexpression of miR-155 is often associated with enhanced cytokine production. Increased miR-155 expression in tumors does not appear to result from any gene mutation, which suggests that it could instead be a result of inflammatory/ oncogenic regulation [70, 71] . MiR-210 has been shown to directly target NF-κB transcripts, which serve as a very important negative feedback regulator of the production of proinflammatory cytokines [72] .
The expression of miR-155, miR-21, miR-125b, miR-196, and miR-210 is controlled by a number of inflammatory signals originating from cells that participate in innate or adaptive inflammatory responses. The activation of toll-like receptors (TLRs) and the production of cytokines are the most prominent mechanisms linking the functions of these miRNAs with inflammatory events [73••, 74, 75] . For instance, the transcription levels of both pri-miR-21 and primiR-125b were up-regulated by LPS treatment in human biliary epithelial cells through NF-κB activation [76] . Furthermore, high levels of miR-155 in diffuse large B-cell lymphoma (DLBCL) are related to the endogenous production of TNF, which induces miR-155 expression in these cells, in turn blocking the expression of SHIP1, promoting the conversion of PIP2 to PIP3 by PI3K and thus further augmenting the proinflammatory effects of TNF [77] . Additionally, the LPSinduced expression of miR-155 in macrophages can be inhibited by IL-10, a potent anti-inflammatory cytokine that dampens the expression of pro-inflammatory genes [78] . The inhibition of miR-155 expression in the presence of IL-10 is associated with B cell integration cluster gene (BIC) transcription repression via its Ets1 site in a STAT3-dependent manner, and the IL-10-dependent inhibition of miR-155 expression may be a potential mechanism used to halt the immune response after the pathogens have been cleared.
MiRNAs Link Inflammation and Cancer
The activation of NF-κB and the activation of the transcription factors of activator protein-1 (AP-1) and the members of the STAT families through nuclear translocation are essential for a balanced immune response under inflammatory conditions. However, their continuous activation or overexpression has been found in many different malignancies [60-72, 73••, 74-79] . MiR-21 and miR-155 expression have been reported to be under the control of NF-κB, AP-1, STATs, and SMADs; thus, the enhanced levels of these miRNAs (which are at the junctions between inflammatory and oncogenic signaling pathways) could at least partially explain the link between inflammation and cancer at the molecular level.
The aberrant activation of the JAK/STAT pathway has been demonstrated to be one of the most important inflammatory signals in malignant cells [80] . The level of both miR-21 and miR-155 are affected by the members of the STAT families. For example, the NF-κB-dependent recruitment of STAT3 to the miR-21 promoter leads to the up-regulation of miR-2 expression, which may contribute to both the therapeutic resistance and metastasis of breast cancer cells [81] . Stimulating breast cancer cells using the inflammatory cytokines IFNgamma, interleukin-6 (IL-6) and LPS can significantly upregulate miR-155 expression [82] . In the same study, Jiang et al. found that the suppressor of cytokine signaling 1 (SOCS1), a negative regulator of JAK/STAT signaling, is an evolutionarily conserved target of miR-155 in breast cancer cells. The overexpression of miR-155 leads to the constitutive activation of STAT3, which promotes the proliferation and transformation of breast cancer cells and breast tumor growth in nude mice [82] .
TGF-β is a pleiotropic cytokine that exerts important effects on processes such as fibrosis, angiogenesis, and immunosuppression [83] . Typically, TGF-β controls gene expression through transcription factors known as SMAD proteins. However, TGF-β facilitates metastasis by altering the homeostasis of TGF-β signaling in advanced malignancies. Using a bioinformatics approach, SMAD2 was predicted to be a target of miR-155 [84] . The overexpression of miR-155 altered cellular responses to TGF-β, consequently modulating tissue repair and remodeling that occur in response to macrophages [84] . Additionally, miR-155 directly targets the bone morphogenetic protein (BMP)-responsive transcriptional factor SMAD5 in DLBCLs, resulting in resistance to the growth inhibitory effects of both TGF-β and BMPs via the defective induction of p21 expression and impaired cell cycle arrest [85] . MiR-21 is also a downstream effector of TGF-β in facilitating cellular invasion and metastasis. Colon carcinoma organoids have been reported to undergo the endothelialmesenchymal transition in response to TGF-β; this process can be further accelerated by TNF-α, whereas the level of miR-21 is prominently elevated by the synergistic activities of TGF-β/TNF-α [86] .
The constitutive activation of phosphatidylinositol 3-kinase (PI3K)/AKT signaling is one of the most common molecular signatures of human cancers [87] . Under physiological conditions, the phosphorylation of AKT is antagonized and balanced by phosphatases such as PTEN, SHIP1, and phosphatase protein phosphatase 2A catalytic subunit alpha (PPP2CA). Among these, SHIP1 and PPP2CA have been identified to be targets of miR-155 [88, 77] ; therefore, a high miR-155 level decreases the level of SHIP1 and PPP2CA expression, thereby resulting in the prolonged activation of the PI3K/AKT pathway. Additionally, a proteomics investigation of diffuse large B-cell lymphoma (DLBCL) revealed that PIK3R1 (p85a), which functions as a cellular suppressor of the PI3K/AKT pathway, is also targeted by miR-155 [89] . Furthermore, the lack of PTEN expression is found to be associated with an increased level of miR-21 in numerous malignancies. The inhibition of miR-21 expression in cultured human hepatocellular cancer cells increased the expression of the PTEN tumor suppressor and reduced cell proliferation, migration, and invasion [90] .
Conclusion
The deregulation of miRNA expression is implicated in carcinogenesis due to its promotion of cell proliferation, survival, invasion, and metastasis as well as its ability to inhibit cell apoptosis and alter the transcription levels of a variety of genes. Naturally occurring chemopreventive compounds have been reported to dramatically affect miRNA expression to produce anti-cancer effects. However, most of the studies of the effects of dietary phytochemicals on miRNA regulation are highly descriptive, and this field remains in its infancy. Because miRNAs regulate mRNA levels in a "fine tuning" manner, they are sensitive to changes in the cellular environment such as those induced by oxidative stress and inflammatory conditions. Given that a number of dietary chemopreventive agents possess anti-oxidative and anti-inflammatory properties, investigations into the biogenesis, metabolism, and function of miRNAs under cellular homeostasis/stress conditions would provide new mechanistic insights into the roles of miRNAs in cancer pathogenesis as well as into approaches using chemopreventive agents. Finally, current studies investigating the expression of a limited number of miRNAs using antagomir or miRNA-mimicking techniques need to be elaborated upon by further studies that profile the genome-wide miRNome.
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